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©  Position  determining  apparatus. 

©  Apparatus  for  determining  the  position  of  a  mov- 
able  member  (22)  in  an  electrohydraulic  servo  sys- 
tem  (10)  which  includes  a  linear  actuator  (20)  having 
a  cylinder  (18)  and  a  piston  (22)  variably  positioned 
therewithin,  a  servo  valve  (12)  responsive  to  valve 
control  signals  for  coupling  the  actuator  (20)  to  a 
source  (14,  16)  of  hydraulic  fluid,  and  control  elec- 
tronics  (26)  responsive  to  piston  position  for  generat- 
ing  the  valve  control  signals.  A  coaxial  transmission 
line  (40)  is  formed  within  the  linear  actuator  (20)  to 
include  a  center  conductor  (38)  coaxial  with  the 
actuator  (20)  and  an  outer  conductor  (34).  A  bead 
(42)  of  ferrite  or  other  suitable  magnetically  per- 
meable  material  is  coupled  (44)  to  the  piston  (22) 
and  surrounds  the  center  conductor  (38)  of  the  trans- 
mission  line  (40)  for  altering  impedance  characteris- 

j^jtics  of  the  transmission  line  (40)  as  a  function  of 
^position  of  the  piston  (22)  within  the  clinder  (18). 

Position  sensing  electronics  (46,  50)  include  an  os- 
Qcillator  (46)  coupled  to  the  transmission  line  (40)  for 
{Q  launching  electromagnetic  radiation,  and  a  phase 
^detector  (50)  responsive  to  radiation  reflected  from 
jQthe  transmission  line  (40)  for  determining  position  of 
P^the  piston  (22)  within  the  cylinder  (18). 
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Position  Determining  Apparatus 

The  present  invention  is  directed  to  position 
measuring  devices,  and  more  particularly  to  ap- 
paratus  for  determining  position  of  the  actuator 
piston  in  an  electrohydraulic  servo  valve  and  linear 
actuator  system. 

In  electrohydraulic  servo  systems  which  em- 
body  a  servo  valve  coupled  to  a  hydraulic  actuator, 
particularly  a  linear  actuator,  it  is  conventional  prac- 
tice  to  monitor  actuator  position  using  an  elec- 
troacoustic  linear  displacement  transducer  for  ex- 
ample  as  marketed  by  Temposonics  Inc.  of  Plain- 
view,  New  York,  and  disclosed  in  U.  S.  patent  no. 
3,898,555.  This  transducer  includes  a  magnet 
coupled  to  the  actuator  piston  for  motion  conjointly 
therewith,  and  an  electroacoustic  waveguide  adja- 
cent  to  the  path  of  the  magnet.  A  current  pulse  is 
launched  on  a  wire  which  extends  through  the 
waveguide  and  coacts  with  the  field  of  the  magnet 
to  propagate  an  acoustic  signal  within  the 
waveguide.  A  coupler  or  mode  converter  receives 
such  acoustic  signal,  with  the  time  between  launch- 
ing  of  the  current  pulse  and  receipt  of  the  acoustic 
signal  being  a  function  of  position  of  the  magnet 
relative  to  the  waveguide.  This  transducer  is  dura- 
ble,  is  directly  mounted  on  the  actuator  cylinder 
but  magnetically  rather  than  physically  coupled  to 
the  actuator  piston,  and  is  capable  of  providing  an 
accurate  indication  of  actuator  piston  position.  How- 
ever,  conventional  electronics  for  obtaining  such 
position  reading  are  overly  complex  and  inordi- 
nately  expensive.  Furthermore,  such  electronics  are 
conventionally  supplied  in  a  separate  package 
which  must  be  appropriately  positioned  and  pro- 
tected  in  the  actuator  operating  environment. 

Copending  European  patent  application  87  105 
043.1  filed  April  4,  1987  discloses  an  elec- 
trohydraulic  servo  valve  assembly  which  includes  a 
servo  valve  and  microprocessor-based  control  elec- 
tronics  mounted  in  a  single  package  for  connection 
to  hydraulic  equipment,  such  as  a  linear  actuator, 
in  a  particular  implementation  of  such  disclosure  in 
a  servo-valve/linear-actuator  combination,  improved 
circuitry  is  featured  for  monitoring  operation  of  the 
Temposonics  type  electroacoustic  transducer.  An 
initial  current  pulse  is  launched  in  the  waveguide  in 
response  to  a  measurement  demand  from  the 
microprocessor-based  control  electronics,  and  a 
counter  is  simultaneously  reset.  Upon  receipt  of  the 
acoustic  return  pulse  from  the  waveguide,  the 
counter  is  automatically  incremented  and  a  current 
pulse  is  relaunched  in  the  waveguide.  The  output 
of  the  counter  includes  facility  fro  preselecting  a 
number  of  launch/return  cycles  in  the  waveguide, 
and  for  generating  an  interrupt  signal  to  the 
microprocessor-based  control  electronics  to  indi- 

cate  that  the  preselected  number  of  recirculations 
has  been  reached.  An  actuator  position  reading  is 
stored  in  a  clock  which  measures  the  amount  of 
time  between  the  initial  measurement  demand  sig- 

5  nal  and  the  interrupt  signal.  The  clock  output  is 
transmitted  to  the  control  microprocessor  on  de- 
mand. 

Although  the  combination  of  the  Temposonics 
type  transducer  and  monitoring  electronics  dis- 

w  closed  in  such  copending  application  is  consider- 
ably  less  expensive  than  that  previously  proposed, 
and  is  reliable  in  long-term  operation,  improve- 
ments  remain  desirable.  For  example,  electronics 
for  obtaining  a  measurement  reading  in  the  disclo- 

75  sure  of  the  copending  application  occupies  one- 
third  of  the  total  electronics  package.  Reduction  in 
the  quantity  of  required  circuitry  is  desirable  to 
reduce  power  dissipation  and  increase  space  avail- 
able  for  implementing  other  control  features.  Fur- 

20  thermore,  although  a  measurement  reading  is  ob- 
tained  very  quickly  relative  to  motion  of  the  ac- 
tuator  piston,  the  system  of  the  copending  applica- 
tion  does  not  continuously  monitor  piston  position 
in  real  time. 

25  A  general  object  of  the  present  invention, 
therefore,  is  to  provide  apparatus  for  determining 
position  of  a  movable  member,  particularly  for  de- 
termining  position  of  the  piston  in  an  elec- 
trohydraulic  linear  actuator,  which  in  inexpensive  to 

30  implement  as  compared  with  like  devices  in  the 
prior  art,  which  reduces  the  overall  quantity  of 
circuitry  necessary  to  monitor  motion,  which  is 
adapted  to  continuously  monitor  motion  in  real 
time,  which  is  accurate  to  a  fine  degree  of  resolu- 

35  tion,  and/or  which  is  reliable  over  a  substantial 
operating  lifetime. 

Apparatus  for  determining  position  of  a  mov- 
able  member  in  accordance  with  the  present  inven- 
tion  includes  a  coaxial  transmission  line  having  a 

40  center  conductor  and  an  outer  conductor  separated 
by  a  dielectric.  The  coaxial  transmission  line  is 
terminated  at  one  end  in  its  characteristic  imped- 
ance,  and  is  electrically  coupled  at  its  other  end  to 
a  source  of  electromagnetic  radiation  such  as  an  rf 

45  generator.  A  bead  or  slug  of  magnetically  per- 
meable  material  is  slidably  carried  with  respect  to 
the  center  conductor  of  the  transmission  line  within 
the  outer  conductor  and  is  operatively  coupled  to 
the  member  whose  position  is  to  be  monitored, 

so  such  that  the  slug  is  positioned  along  the  transmis- 
sion  line  center  conductor  as  a  function  of  position 
of  the  movable  member.  Electronics  are  coupled  to 

2 
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the  transmission  line  for  determining  position  of  the 
movable  member  relative  to  the  transmission  line 
as  a  function  of  radiation  reflected  by  the  transmis- 
sion  line. 

In  a  preferred  implementation  of  the  invention 
for  monitoring  position  of  a  piston  in  a  linear  hy- 
draulic  actuator,  the  piston  includes  a  central  ap- 
erture  into  which  the  center  conductor  of  the  trans- 
mission  line  extends  coaxially  with  the  piston  and 
surrounding  actuator  cylinder.  In  a  preferred  em- 
bodiment  of  the  invention,  the  coaxial  transmission 
line  includes  a  tube,  with  centrally  suspended  cen- 
ter  conductor  and  a  slidable  bead  of  magnetically 
permeable  material,  projecting  from  one  end  of  the 
actuator  cylinder  into  the  central  aperture  of  the 
opposing  piston.  An  annular  magnet  is  carried  by 
the  piston  externally  of  the  tube  and  is  magnetical- 
ly  coupled  through  the  tube  to  the  bead  slidable  on 
the  center  conductor.  In  another  embodiment  of  the 
invention,  the  outer  conductor  of  the  transmission 
line  is  formed  by  the  actuator  cylinder,  and  the 
center  conductor  extends  into  the  piston  aperture 
in  sliding  contact  therewith  as  the  piston  moves 
axially  of  the  cylinder.  In  this  embodiment,  the 
bead,  which  controls  energy  reflection  in  the  trans- 
mission  line,  is  carried  directly  by  the  piston  sur- 
rounding  the  center  conductor.  Position  readings 
are  taken  as  a  function  of  phase  angle  between 
energies  launched  and  reflected  in  the  transmission 
line. 

The  invention,  together  with  additional  objects, 
features  and  advantages  thereof,  will  be  best  un- 
derstood  from  the  following  description,  the  appen- 
ded  claims  and  the  accompanying  drawings  in 
which: 

FIG.  1  is  a  schematic  diagram  of  an  elec- 
trohydraulic  servo  valve  and  actuator  system  which 
features  piston  position  monitoring  circuitry  in  ac- 
cordance  with  a  presently  preferred  embodiment  of 
the  invention; 

FIG.  2  is  an  electrical  schematic  diagram  of 
alternative  monitoring  electronics; 

FIG.  3  is  a  schematic  diagram  of  another 
embodiment  of  the  invention; 

FIGS.  4A-4C  are  graphic  illustrations  useful 
in  discussing  operation  of  the  embodiment  of  FIG. 
3:  and 

FIG.  5  is  a  fragmentary  schematic  diagram 
of  a  further  embodiment  of  the  invention. 

FIG.  1  illustrates  an  electrohydraulic  servo  sys- 
tem  10  as  comprising  a  servo  valve  12  having  a 
first  set  of  ports  connected  through  a  pump  14  to  a 
source  16  of  hydraulic  fluid,  and  a  second  set  of 
ports  connected  to  the  cylinder  18  of  a  linear 
actuator  20  on  opposed  sides  of  the  actuator  piston 
22.  Piston  22  is  connected  to  a  shaft  24  which 
extends  through  one  axial  end  wall  of  cylinder  18 
for  connection  to  a  load  (not  shown).  Servo  elec- 

tronics  26  includes  control  electronics  28,  prefer- 
ably  microprocessor-based,  which  receives  input 
commands  from  a  master  controller  or  the  like  (not 
shown),  and  provides  a  pulse  width  modulated 

5  drive  signal  through  an  amplifier  30  to  servo  valve 
12.  Position  monitoring  apparatus  32  in  accordance 
with  the  present  invention  is  responsive  to  position 
of  actuator  piston  22  for  generating  a  position  feed- 
back  signal  to  control  electronics  28.  Thus,  for 

70  example,  in  a  closed  loop  position  control  mode  of 
operation,  control  electronics  28  may  provide  valve 
drive  signals  to  amplifier  30  as  a  function  of  a 
difference  between  the  input  command  signals 
from  a  remote  master  controller  and  position  feed- 

75  back  signals  from  position  monitoring  apparatus  32. 
In  accordance  with  a  preferred  embodiment  of 

the  invention  illustrated  in  FIG.  1,  position  monitor- 
ing  apparatus  32  comprises  a  hollow  cylindrical 
tube  34  affixed  to  and  projecting  from  an  end  wall 

20  of  cylinder  18  through  a  central  aperture  35  in 
piston  22  and  into  the  hollow  center  of  rod  24.  A 
wire  38  is  centrally  supported  coaxially  within  tube 
34,  such  that  wire  38  and  tube  34  form  inner  and 
outer  conductors  of  a  coaxial  transmission  line  40 

25  having  an  air  dielectric.  Transmission  line  40  is 
terminated  within  piston  rod  24  and  cylinder  18  in 
its  characteristic  impedance  Zo.  A  bead  42  of  mag- 
netically  permeable  material  such  as  ferrite  is  free- 
ly  slidably  carried  on  wire  38  within  tube  34.  An 

30  annular  magnet  44  is  carried  on  the  axial  face  of 
piston  22  externally  surrounding  tube  34,  and  is 
magnetically  coupled  to  bead  42  such  that  the 
latter  is  magnetically  drawn  along  wire  38  as  a 
function  of  motion  of  piston  22  within  cylinder  1  8. 

35  An  rf  oscillator  46  has  an  output  coupled 
through  a  resistor  Rs  to  transmission  line  40  for 
launching  radiation  within  the  transmission  line  in 
the  coaxial  (TEM)  mode  of  propagation.  Wire  38  is 
also  connected  through  an  inverting  amplifier  48  to 

40  one  input  of  a  phase  detector  50,  which  receives  a 
second  input  from  an  output  of  rf  oscillator  46 
which  is  at  a  phase  angle  of  90°  to  the  oscillator 
output  coupled  to  transmission  line  40.  The  output 
of  phase  detector  50  provides  position  feedback  to 

45  control  electronics  28.  Ferrite  bead  42  forms  an 
impedance  discontinuity  along  the  center  conduc- 
tor  of  transmission  line  40  which  causes  a  reflec- 
tion  of  the  rf  radiation.  The  phase  angle  associated 
with  this  reflected  energy,  as  compared  with  the 

so  phase  angle  of  initial  propagation,  is  directly  pro- 
portional  to  the  distance  traveled  to  and  from  bead 
42.  Resistor  Rs  is  selected  in  conjunction  with  the 
output  impedance  of  oscillator  46  such  that  the 
reflected  wave  is  absorbed.  Resistor  Rs  and  the 

55  oscillator  output  impedance  match  the  characteris- 
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tic  impedance  Zo  of  transmission  line  40.  When  the 
reflected  wave  combines  with  the  incident  wave,  a 
phase  shift  results  in  the  voltage  vector  at  the 
transmission  line  input. 

Directional  couplers  may  be  employed  to  dis- 
criminate  between  incident  and  reflected  energy  in 
transmission  line  40.  FIG.  2  illustrates  a  bridge 
directional  coupler  which  includes  a  pair  of  capaci- 
tors  Ci,  C2  connected  across  oscillator  46.  Oscilla- 
tor  46  is  also  connected  through  resistor  Rs  to  wire 
38.  A  diode  D1  and  a  resistor  R1  are  connected  in 
series  between  transmission  line  center  conductor 
38  and  outer  conductor  34.  The  dc  signal  appear- 
ing  at  point  A,  at  the  junction  of  diode  D1  and 
resistor  R1,  is  a  direct  measure  of  position  of  piston 
22  within  cylinder  18.  In  a  modification  to  the 
embodiment  of  FIG.  2,  capacitors  Ci,C2  may  be 
replaced  by  varactors  having  capacitances  con- 
trolled  as  a  function  of  bridge  voltage  between 
point  A  and  point  B  at  the  varactor  junction  (the 
connection  between  points  A  and  B  being  deleted). 
Voltage  is  adjusted  to  renull  the  bridge  wherein  the 
voltage  is  then  proportional  to  the  distance  trav- 
elled  by  the  piston. 

FIG.  5  illustrates  a  modification  32a  to  the 
embodiment  of  FIG.  1  wherein  a  coaxial  directional 
coupler  80  is  employed  for  isolating  the  reflected 
wave  from  the  incident  wave.  Phase  shift  at  detec- 
tor  50  is  linearly  proportional  to  piston  position. 
Coupler  80  preferably  comprises  a  strip-line  cou- 
pler  tuned  to  the  operating  frequency  of  oscillator 
46. 

FIG.  3  illustrates  a  modified  coaxial  transmis- 
sion  line  60  wherein  the  outer  conductor  is  formed 
by  cylinder  18  and  the  inner  conductor  62  com- 
prises  a  rod  or  wire  which  extends  coaxially  with 
cylinder  18  into  aperture  36  of  piston  22.  The 
space  between  rod  62  and  cylinder  18  is  filled  with 
hydraulic  fluid,  which  thus  forms  the  transmission 
line  dielectric.  Center  conductor  62  is  mechanically 
supported  by  and  electrically  connected  through  a 
pair  of  termination  resistors  2Zo  and  a  pair  of 
brushes  64  to  the  internal  bore  of  piston  22  and  rod 
24.  The  impedance-altering  bead  66  in  the  embodi- 
ment  of  FIG.  3  comprises  a  ferrite  annulus  directly 
carried  by  piston  22  surrounding  center  conductor 
62.  The  embodiment  of  FIG.  1  is  considered  pref- 
erable  to  the  embodiment  of  FIG.  3  because  the 
characteristics  of  the  transmission  line  in  the  em- 
bodiment  of  FIG.  1  do  not  vary  with  temperature 
and  pressure  of  the  hydraulic  fluid. 

In  a  preferred  digital  implementation  of  the 
present  invention,  control  electronics  28  includes 
an  A/D  converter  70  which  receives  the  analog 
output  of  phase  detector  50.  To  improve  accuracy, 
a  higher  frequency  oscillator  can  be  used,  so  that 
as  the  piston  moves,  the  phase  angle  rotates 
through  multiple  revolutions  of  two-pi  radians.  Two 

digital  registers  are  employed,  one  of  which  ac- 
cepts  the  carry  output  from  the  faster  register  to 
count  the  number  of  two-psi  revolutions.  FIG.  4A 
illustrates  output  of  phase  detector  50  for  piston 

5  motion  corresponding  to  three-pi  revolution  radians. 
FIG.  4B  illustrates  phase  detector  output  when  out-  -* 
put  slope  is  detected  and  reversed  when  the  slope 
becomes  negative.  If  the  swing  from  -1  to  +1  in 
Fig.  4B  corresponds  to  ten  bits  at  the  output  of  A/D  ^ 

70  converter  70  (FIG.  3),  then  for  travel  of  the  wave 
down  transmission  line  60  and  back,  the  total 
phase  shift  corresponds  to  pi  radians.  Because  of 
rounding  of  the  waveform  in  FIG.  4B  near  the  -1 
and  +1  levels,  less  than  full  swing  of  the  phase 

75  detector  output  is  employed.  FIG.  4C  illustrates 
linearized  output  of  phase  detector  50  between  -.9 
and  +  .9  volt  levels. 

If  the  maximum  stroke  of  piston  22  is  one 
meter,  the  frequency  of  oscillator  46  required  to 

20  give  pi  radians  of  phase  shift  for  the  one  meter 
stroke,  thus  swinging  the  voltage  from  -1  volts  to 
+  1  volts  out  of  the  phase  detector,  is  75  MHz.  If 
the  output  of  A/D  converter  70  changes  ten  bits  for 
the  swing  from  -IV  to  +IV  or  pi  radians  of  phase 

25  shift,  then  each  bit  corresponds  to  about  one  mil- 
limeter.  If  the  frequency  of  oscillator  46  is  in- 
creased  to  750  MHz  and  a  second  counter  is 
employed  to  monitor  the  carry  output  of  the  first 
A/D  counter,  a  total  of  ten  pi  radians  of  phase  shift 

30  is  produced  over  the  full  one-meter  piston  stroke, 
yielding  a  resolution  of  0.1  mm. 

Claims 
35 

1.  Apparatus  for  determining  the  position  of  a 
movable  member  comprising 
means  forming  a  coaxial  transmission  line  (40,  60) 
including  center  (38,  62)  and  outer  (34,  18)  elec- 

40  trical  conductors,  means  (46)  for  launching  elec- 
tromagnetic  radiation  along  said  line  (40,  60), 
means  (42,  66)  movable  along  said  center  conduc- 
tor  (38,  62)  within  said  outer  conductor  (34,  18)  for 
altering  impedance  characteristics  of  said  transmis- 

45  sion  line  (40,  60), 
means  (44)  for  coupling  said  movable  means  (42, 
66)  to  a  movable  member  (22)  such  that  said 
movable  means  (42,  66)  is  positioned  along  said 
center  conductor  (38,  18)  as  a  function  of  position 

50  of  the  movable  member  (22)  relative  to  said  trans- 
mission  line  (40,  60),  and 
means  (50)  responsive  to  electromagnetic  radiation 
reflected  by  said  transmission  line  (40,  60)  for 
determining  position  of  movable  member  (22)  rela- 

55  tive  to  said  transmission  line  (40,  60). 
2.  The  apparatus  set  forth  in  claim  1  wherein 

said  means  forming  said  coaxial  transmission  line 
(40,  60)  comprises  a  hollow  tube  (34,  18)  forming 

4 
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said  outer  conductor  and  means  (38,  62)  centrally 
suspended  within  said  tube  forming  said  center 
conductor,  and 
wherein  said  movable  member  (22)  comprises 
means  of  magnetically  permeable  material  (42,  66) 
movably  carried  with  respect  to  said  suspended 
means  (38,  62)  within  said  tube  (34,  18). 

3.  The  apparatus  set  forth  in  claim  2  wherein 
said  tube  (34,  18)  and  centrally  suspended  means 
(38,  62)  have  a  characteristic  impedance  (Zo)  to 
electromagnetic  radiation,  and  wherein  said  means 
forming  said  transmission  line  (40,  60)  includes 
means  terminating  said  transmission  line  in  said 
characteristic  impedance  (Zo). 

4.  The  apparatus  set  forth  in  claim  3  wherein 
said  magnetically-permeable  means  (42)  is  slidably 
carried  by  said  center  conductor  (38),  and  wherein 
said  coupling  means  comprises  magnetic  means 
(44)  carried  externally  of  said  tube  (34)  and  mag- 
netically  coupled  to  said  magnetically-permeable 
means  (42). 

5.  The  apparatus  set  forth  in  claim  4  wherein 
said  magnetic  means  comprises  an  annular  magnet 
(44)  externally  surrounding  said  tube  (34). 

6.  The  apparatus  set  forth  in  claim  3  wherein 
said  movable  member  (22)  is  positioned  within  said 
tube  (18)  and  includes  a  central  aperture  (36),  said 
center  conductor  (62)  being  slidably  supported 
within  said  aperture  (36)  and  said  magnetically- 
permeable  means  (66)  being  carried  by  said  mov- 
able  member  (22)  surrounding  said  aperture  (36). 

7.  The  apparatus  set  forth  in  any  of  claims  1 
through  6  wherein  said  means  for  launching  elec- 
tromagnetic  radiation  comprises  an  rf  generator 
(46)  having  an  output  coupled  to  said  transmission 
line  (40,  60),  and  wherein  said  means  responsive  to 
said  reflected  radiation  comprises  means  (50)  re- 
sponsive  to  phase  angle  of  said  reflected  radiation 
with  respect  to  said  output. 

8.  The  apparatus  set  forth  in  claim  7  wherein 
said  phase  angle-responsive  means  comprises  a 
phase  detector  (50)  and  an  analog/digital  converter 
(70). 

9.  The  apparatus  set  forth  in  any  of  claims  1 
through  8  wherein  said  means  forming  a  coaxial 
transmission  line  (40,  60)  is  arranged  within  a  linear 
actuator  (20)  having  a  cylinder  and  piston  and 
being  connected  through  a  servo  valve  (12)  to  a 
source  (14,  16)  of  hydraulic  fluid,  wherein  said 
movable  member  is  the  piston  (22)  of  said  actuator 
(20)  and  wherein  said  electromagnetic  radiation  re- 
sponsive  means  (50)  is  connected  to  said  servo 
valve  (12)  through  servo  electronics  (26). 

10.  The  appratus  set  forth  in  claim  9  wherein 
said  piston  (22)  has  a  central  aperture  (36)  coaxial 
with  said  cylinder  (18),  and  wherein  said  means 
forming  said  coaxial  transmission  line  (40,  60)  com- 

prises  means  (34,  38;  62)  mounted  coaxially  within 
said  cylinder  (18)  and  projecting  into  said  aperture 
(36). 
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